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The topic of radiation always provokes public debate, and the uses of radiation for ther-
apeutic and other purposes have always been associated with some anxiety. Salvia mil-
tiorrhiza Bunge has been widely used for the treatment of various diseases including
cerebrovascular diseases, coronary artery diseases, and myocardial infarction. Salvianolic
acid A (SAA) D (þ)-(3,4-dihydroxyphenyl) lactic acid is the principal effective, watersoluble
constituent of Salvia miltiorrhiza Bunge. In our present study, radiation-induced DNA
damage and apoptosis in human intestinal epithelial cells (HIEC) in the presence and
absence of SAA were examined. We investigated the effects of SAA on ROS formation and
the activity of enzymatic antioxidants (SOD), the lipid peroxidative index and the levels of
non-enzymatic antioxidant (GSH). Finally, we investigated whether the reduction of
radiation-induced cell death caused by SAA might be related to mitochondria-dependent
apoptosis. Present findings indicate that SAA is a promising radioprotective agent with a
strong antioxidant activity. SAA exerted its protective action on the proliferative activity of
HIEC cells as evidenced by decreased cytotoxicity after exposure to g-radiation. It is
possible that SAA achieved its radioprotective action, at least in part, by enhancing DNA
repair and the activity of antioxidant enzymes, by scavenging ROS and by inhibiting the
mitochondria-dependent apoptotic pathway.
Copyright © 2014, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.7613.
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Ionizing radiation (IR) has been used in medicine (radio-
therapy and radiodiagnosis), industry, and research labora-
tories for over a century following the discovery of X-rays by
Roentgen in 1895 (Tubiana, Dutreix, & Wambersie, 1990).
Accidental and occupational exposures are increasingly
common and expose the public to danger. However, radiation
is a controversial topic, and the use of radiation for thera-
peutic and other purposes has always been associated with
some anxiety. Exposure to g-radiation is known to induce
cellular and sub-cellular damage in many living organisms at
sub-lethal doses (Garrison & Uyeki, 1988). g-radiation can be
absorbed directly by DNA, leading to ionization of both the
nucleobases and sugars, directly generating single- and
double-strand DNA damage.
In contrast, the adverse effects of IR on biological tissues
are largely mediated via the increased production of reactive
oxygen species (ROS) (Reily, 1994; Weiss, 1997). These induce
the production of free radicals such as hydrogen radicals,
hydroxyl, singlet oxygen and peroxyl radicals, in a cascade
pathway. The production of ROS results in the chemical
modification of proteins and lipids, causing cellular damage
and giving rise to genomic instability leading to mutagenesis,
carcinogenesis, and cell death (Kalpana, Devipriya,
Srinivasan, & Menon, 2009).
Salvia miltiorrhiza Bunge, belonging to the Labiatae family,
is a traditional Chinese medicine and it has many pharma-
cological effects. For example, it protects cardiac muscle, di-
lates blood vessels, inhibits arteriosclerosis and thrombus
formation, improves microcirculation, regulates restoration
and regeneration of tissue, is antiseptic and antiin-
flammatory. Consequently, it has been widely used for the
treatment of various diseases including cerebrovascular dis-
eases, coronary artery diseases, andmyocardial infarction (Xu
& Fu, 2006; Yagi, Fujimoto, Tanonaka, Hirai, & Takeo, 1989).
The formulations derived from this herb, Danshen Dripping
Pill, Danshen Pian and Danshen Injection, have been devel-
oped and used clinically in China, Korea and Russia (Zhao,
Xiang, Ye, Yuan, & Guo, 2006).
According to several phytochemical reports, salvianolic
acid A (SAA) D (þ)-(3,4-dihydroxyphenyl) lactic acid is the
principal effective, water-soluble constituent of Salvia mil-
tiorrhiza Bunge (Yasumasa, Izumi, & Yutaka, 1989). Previous
studies have shown that SAA possesses a wide range of
pharmacological effects, including anti-inflammatory, anti-
carcinogenic, antioxidant, estrogen-like, antiplatelet and
antifibrotic properties (Li, Li, Yan, Li, & Chen, 2002; Lin, Zhang,
& Liu, 1996; Murakami, Kijima, & Isobe, 1990; Tang, Ren,
Zhang, & Du, 2002). SAA can also protect the liver from
injury by decreasing the amount of endotoxin and by
improving hepatic microcirculation (Zhou, Han, Yin, & Zhao,
2006). Furthermore, SAA is a caffeic acid derivative that oc-
curs in many plants as a secondary metabolite. It is believed
that the pharmacological effects of SAA are associated with
the type and number of functional groups in the phenol ring.
In addition, SAA was found to protect a neuroblastoma cell
line (SH-SY5Y) from death induced by 1-methyl-4-
phenylpyridiniumion. It not only protects these cells fromapoptosis, but also from increased levels of ROS. It inhibits the
activation of caspase-3, thereby stimulating accumulation of
Bcl-2 and reduction of Bax (Wang & Xu, 2005). Finally, SAA is
reported to scavenge lipid free radicals and to inhibit lipid
peroxidation (Wang, Wang, & Xu, 2005).
The ability of a compound to act as an antioxidant by
quenching ROS is linked to its potential as a radioprotectant.
However, only a few studies have been carried out on the
in vitro radio-protective effects of SAA. In the present study,
radiation-induced DNA damage and apoptosis in human in-
testinal epithelial cells (HIEC) in the presence and absence of
SAA were examined.2. Materials and methods
2.1. Chemicals
SAA was purchased from Nanjing Zelang Bio-technique Co.,
Xi'an, China. Dulbecco's modified Eagle's medium (DMEM),
fetal bovine serum (FBS) and Swiss Giemsa were purchased
from GIBCOTM Invitrogen Co., Beijing, China. BCA assay kit,
reactive oxygen species assay kit, caspase-3 activity assay kit,
caspase 9 Activity Assay Kit, Nuclear and Cytoplasmic Protein
Extraction Kit, Cytoplasmic Protein Extraction Kit and RIPA
lysis buffer were purchased from Beyotime (Beyotime Insti-
tute of Biotechnology, Jiangsu, China). Normal melting
agarose (NMA), low melting agarose (LMA), phenylmethyl
sulfonylfluoride (PMSF),DAPI(40,6-diamidino-2-
phenylindole,2-(4-amidinophenyl)-1H-indole-6-
carboxamidine) and cytochalasin-B were purchased from
Sigma (Sigma, St. Louis, MO, USA). The lipid peroxidation
assay kit, SOD, MDA and GSH assay kit were purchased from
Nanjing jiancheng Insititute of Biotechnology (Nanjing,
China). The rabbit anti-g-H2AX, anti-Cytochrome c and anti-
AIF were purchased from Epitomics, Inc. Burlingame, Cali-
fornia, USA. Anti-Bcl-2, anti-Bax, antip53, anti-b-actin and
goat anti-mouse IgG and goat anti-rabbit IgG conjugated with
horseradish peroxidase were obtained from Santa Cruz
Biotechnology (Santa Cruz, USA). Annexin-V-FITC apoptosis
detection kit (BD Pharmingen Co., CA, USA). All other chem-
icals were of analytical purity made in China.
2.2. Cell cultures and treatment
Human normal intestinal epithelial cells HIEC were cultured
in DMEM supplemented with 10% heat-inactivated FBS, and
300 mg/ml glutamine. Cells were incubated at 37 C in a hu-
midified atmosphere (5% CO2). Cells were irradiated with
60Co
g-rays at a dose of 4 Gy at room temperature. Radiation dose
and the concentration of SAA for each assay were determined
by prior optimization. For radioprotective studies, cells were
treated with different concentrations of SAA 1 h before g-
radiation.
2.3. Micronuclei assay
Briefly, calculated numbers of cells were plated to enable
normalization for plating efficiencies. Cell suspensions were
seeded into 6-well plates at a concentration of 1  106 cells per
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with 0.1, 1, 10 mg/ml SAA 1 h before g-radiation. The treated
cells were irradiated with 4 Gy for micronuclei assay. Cyto-
chalasin B (6 mg/ml) was added after 44 h of culture incubation.
At the end of 72 h of incubation, the cells were fixed in 4%
paraformaldehyde for 20 min and then fixed cells were
stained with DAPI (100 ng/ml). All wells were coded by an in-
dividual other than the scorer and evaluated at
40  magnification for the micronuclei frequency in
cytokinesis-blocked binucleated cells with well-preserved
cytoplasm. 1000 binucleated cells from duplicate irradiated
and control cultures from each group were examined to re-
cord the frequency of micronuclei.
2.4. Single cell gel electrophoresis (SCGE: comet assay)
Comet assay was performed to determine the degree of
oxidative DNA damage (Sandhya et al. 1988). SAA was added
to cultured cells maintaining the final concentration (1 mg/ml)
for 1 h before g-radiation (4 Gy) and after a further culture for
48 h, cells were harvested and suspended in PBS for the assay.
In brief, frosted microscope slides were covered with 100 ml of
0.5% normal melting agarose (NMA) in PBS at 50 C and
immediately coverslipped, and were kept at 4 C for 10 min to
allow the agarose to solidify. Removal of the coverslip from
the agar layer was followed by addition of a second layer of
100 ml of 0.5% low melting agarose (LMA) containing approxi-
mately 105 treated cells at 37 C. Cover slips were immediately
placed and the slides were put to 4 C. After solidification of
the LMA, the cover slips were removed and slides were placed
in a chilled lysing solution containing 1.25 M NaCl, 5 mM
TriseHCl (pH 10), 0.05 M EDTA, 1% DMSO, 1% Triton X-100 and
1% sodium sarcosinate for 1 h at 4 C. The slides were then
removed from the lysing solution and placed on a horizontal
electrophoresis tank filled with freshly prepared alkaline
buffer (0.15 MNaOH, 0.5mMEDTA and 0.2%DMSO, pH 13.0).
The slides were equilibrated in the same buffer for 20 min and
electrophoresis was carried out at 25 V for 20 min. After
electrophoresis, the slides were washed gently with 10 M
TriseHCl buffer (pH 7.4), to remove the alkali. The slides were
stained with 50 ml of propidium iodide (PI, 100 ng/ml) and
visualized using fluorescence microscope by Nikon CLIPSE
TE2000-S and Nikon Digital Sight DS-U1. The quantification of
the DNA strand breaks of the stored images was performed
using CASP software by which the percentage of DNA in the
tail, tail length, and tail moment could be obtained directly.
2.5. Immunofluorescence assay
The expression of g-H2AX was measured by immunofluores-
cence assay (Redon, Dickey, Bonner, & Sedelnikova, 2009).
After treatment with SAA and g-ray radiation and a further
culture for 2 h HIEC cells were washed with PBS, fixed in 4%
paraformaldehyde for 20 min and then treated with 3%
hydrogen peroxide for 10 min to inactivate endogenous
peroxidase activity. Then the cells were incubated with pri-
mary antibody for 2 h at 37 C. Thereafter, the cells were
incubated with secondary antibody (1:400 dilution of
DyLight™ 488-conjugated affinipure goat antirabbit immu-
noglobulin (IgG, H þ L)) for 1 h at 37 C, then the cells for g-H2AX were incubated with PI (100 ng/ml). DNA strand breaks
(DSB) were observed by a laser confocal scanning microscope
(Olympus Micro/FLUOVIEW Viewer/FV10-ASW).
2.6. Measurement of intracellular reactive oxygen
species (ROS) generation
The amount of intracellular ROS production was measured by
the oxidation-sensitive fluorescent probe DCFH-DA (20, 70-
dichlorofluorescein diacetate). DCF was used as a general
probe for ROS, and DCFH-DA enters the cell and is easily hy-
drolyzed by intracellular esterases to the nonfluorescent form
DCFH, which is rapidly converted to fluorescent DCF in the
presence of a variety of ROS (Halliwell & Whiteman, 2004;
Royall & Ischiropoulos, 1993). 1  104 HIEC cells per well in 6-
well plates were incubated with varied concentrations of
SAA (0.1, 1 or 10 mg/ml) at 37 C for 1 h. Thereafter, cells were
exposed to 4 Gy g-rays, and then cultured for 24 h followed by
addition of DCF-DA (10 mM) for 15 min, and the fluorescence
intensity was analyzed by flow cytometry (BD FACS Aria)
using a laser excitation and emission wavelength of
492e495 nm and 517e527 nm, respectively (Tiwari, Kumarb,
Balakrishnana, Kushwaha, & Mishra, 2009).
2.7. Biochemical studies
Cultured cells were treated with SAA and g-radiation, and a
further culture for 24 h, then harvested and suspended in
0.2 ml PBS containing 0.1 ml RIPA lysis buffer (50 mM Tris,
150 mMNaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, sodium orthovanadate, sodium fluoride, EDTA, leu-
peptin, 1 mM PMSF) and vortexed continuously for 10min and
centrifuged at 12,000 g for 10min (4 C). The supernatant was
taken for biochemical estimations. The level of lipid peroxi-
dation was measured by analyzing TBA-reactive substances
which were determined by a method utilizing the lipid per-
oxidation assay kit according to the manufacturer's in-
structions. The activities of superoxide dismutase (SOD) and
the contents of reduced glutathione (GSH) were monitored by
the commercially available cellular SOD and GSH assay kit
according to the manufacturer's instructions. In each group
six samples (n ¼ 6) were processed. The cell protein was
determined by the method of BCA method using BSA as
standard.
2.8. Caspase activity assay
Caspase-3/9 assay was carried out using the caspase-3/9 ac-
tivity assay kit. This assay was based on the ability of active
enzyme to cleave chromophore from the enzyme substrate,
Ac-DEVD-pNA (for caspase-3), andAc-LEHD-pNA (for caspase-
9). The treated cells (5 106) were cultured for further 48 h and
then harvested and lyzed in 100 ml of the cell lysis buffer
provided by the kit, and protein concentrations were equal-
ized for each group. Subsequently, 40 ml of cell lysate was
combined with an equal amount of substrate reaction buffer
containing a caspase-3 colorimetric substrate, acetyl-DEVD-p-
nitroaniline (Ac-DEVD-pNA) or acetyl-LEHD-p-nitroaniline
(Ac-LEHD-pNA) for caspase-9. This mixture was incubated
for 2 h at 37 C, and then absorbance was measured with a
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405 nm. Caspase-3/9 activity was normalized by protein con-
centrations and calculated as a percentage of control. The
experiment was performed at least six times.2.9. Western blotting assay
The expressions of g-H2AX, p53, Bax, Bcl-2 and cytochrome c
and AIF released from mitochondria were determined by
western blot analyses. The treated cells (5 106) were cultured
for further 24 h (p53, Bax, Bcl-2 and cytochrome c and AIF) or
0e6h (g-H2AX) and then harvested. Cytoplasmic proteins of
treated cells were prepared by Cytoplasmic Protein Extraction
Kit. Protein concentrations were determined by using the BCA
assay kit. Proteins of total extracts were separated on 10% SDS
gels. Separated proteins were transferred electrophoretically
onto polyvinylidene difluoride membrane (PVDF) (Amersham
International) and blocked with 5% non-fat milk in phosphate
buffered saline (PBS)-Tween for 2 h. Blots were incubated with
specific primary antibodies and the immune complexes were
detected using appropriate HRP-conjugated secondary anti-
bodies and enhanced chemiluminescent detection reagent
ECL (Amersham International). Semi-quantitation of scanned
films was performed using Quantity One-4.6.2 (Bio-Rad, Italy).
The experiments were performed at least six times.2.10. Cytotoxicity: Annexin V/propidium iodide
Annexin V and propidium iodide staining was used as a
method to measure radiationinduced cytotoxicity. The
Annexin V was labeled with fluorescein isothiocyanate (FITC)
to detect phospholipid phosphatidylserine on the outer
membrane of apoptotic cells; PI was used to detect necrotic
cells. The assay was performed according to theFig. 1 e Effect of SAA onmicronucleus induction in HIEC cells by
2000 cells were observed and % of micronucleated cells was scomanufacturer's instructions. Briefly, cells were incubatedwith
SAA and irradiated (4 Gy) to efficiently induce apoptosis
within 48 h and then harvested and suspended for the assay.
And approximately 1  107 cells were washed in PBS, resus-
pended in Annexin V and PI staining solution and then
analyzed immediately by flow cytometry (BD FACS Aria).2.11. Statistical analysis
Results from triplicate experiments were pooled and
expressed as mean ± standard deviation. A one-way analysis
of variance (ANOVA) and Bonferroni's multiplecomparison t-
tests were used to test significant differences, if any, among
different groups. A P value <0.05 was considered statistically
significant.3. Results
3.1. Protection against IR-induced DNA damage
Radiation-induced DNA damage and the repair kinetics of
double-strand breaks (DSBs) were measured using the
micronucleus assay, the alkaline comet assay and the g-H2AX
immunofluorescence assay. In the micronucleus assay, g-
irradiation (4 Gy) significantly increased the formation of
micronuclei as 38.48± 6.44 per 100 cells containedmicronuclei
48 h after irradiation. Exposure of the cells to SAA prior to
radiation exposure resulted in a significant decrease in
micronucleus formation (Fig. 1).
The comet assay is a very sensitive and highly effective
method for detecting both singleand double-strand DNA
breaks in a single cell. In the comet assay, the protective effect
of SAA against g-radiation-induced DNA damage in cultured4 Gy irradiation. (A Control; B 4 Gy; C 4 Gyþ 1 mg/ml SAA; D-
red, **P < 0.01 vs. 4 Gy group, 200 £ ).
Fig. 2 e The representative comet tails for cells treated and non-treated with irradiated and SAA (A-Control; B-4 Gy; C-
4 Gy þ 1 mg/ml SAA).
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induced DNA damage was assessed by analyzing the percent
of DNA in the tail, the tail length, and the tail moment. Irra-
diation caused an increase in all these parameters, demon-
strating DNA damage had occurred. There was also a
significant difference in the levels of DNA damage following
treatment with SAA (Table 1). It can be seen that in the pres-
ence of SAA, the comet assay parameters decrease. In
contrast, the irradiated group had the highest values. Thus,
SAA can significantly reduce levels of DNAdamagewhenHIEC
cells are exposed to 4 Gy g-radiation (P < 0.05).
In higher eukaryotic cells, DSBs in chromatin promptly
initiate the phosphorylation of the histone H2A variant, H2AX.
Regions in chromatinwith phosphorylatedH2AX (g-H2AX) are
readily detected by immunofluorescence microscopy and
identify sites of DSBs. This has allowed the development of an
assay that has proved particularly useful in the molecular
analysis of the processing of DSBs. Using laser confocal
scanning microscopy, green (in the web version) fluorescence
represents g-H2AX foci, while red (in the web version) fluo-
rescence represents cell nuclei stained by propidium iodide
(PI). As shown in Fig. 3A, in the control group only 4% of cells
had g-H2AX foci. Following 4 Gy g-radiation, 99% of cells had
g-H2AX foci, and this increase was statistically significant.
The percentage of g-H2AX-positive cells of all treatment
groups is shown in Fig. 3B. The proportion of positive cells was
significantly decreased after SAA treatment. This suggests
that SAA could havemarked protective effects on g-radiation-
induced DNA damage in HIEC cells. To examine whether SAA
could influence the repair of DNA damage in vitro, we
observed the effect of SAA on the expression of g-H2AX by
western blotting. As shown in Fig. 4, when exposed to 4 Gy g-
radiation, cells showed a prompt and temporary increase in
the expression of g-H2AX within 2 h. When the cells wereTable 1 e Changes in the levels of DNA damage (tail length, % D
irradiated and SAA pretreated HIEC cells.
Groups Tail length DNA in tail (
Control 3 ± 0.02 0.87 ± 0.90
4 Gy 169.33 ± 17.61a 70.63 ± 7.96a
4 Gyþ1 mg/ml 51.25 ± 7.5a,b 35.77 ± 8.84a
Values are given as mean ± S.D. of six experiments in each group.
a P < 0.05 vs. control.
b P < 0.05 vs. 4 Gy group.exposed to SAA before 4 Gy g-radiation, the peak expression of
g-H2AX occurred earlier. Thus, the results indicated that SAA
accelerates the expression of DNA repair-related proteins to
promote the repair of damaged DNA.
3.2. Effects of SAA on the production of intracellular ROS
When overproduction of ROS occurs, oxidative damage can
lead to g-radiation-induced cytotoxicity (that is, chromosomal
damage and gene mutations) (Halliwell, 2002). DCF fluores-
cence was used to measure a variety of ROS, such as peroxyl
and alkoxyl radicals. IrradiatedHIEC cells showed a significant
increase in DCF fluorescence 24 h after 4 Gy irradiation (Fig. 5).
In contrast, treatment with 0.1, 1 and 10 mg/ml SAA signifi-
cantly reduced ROS levels in irradiated HIEC cells by
15.7 ± 2.3% (P < 0.05), 27.8 ± 3.1% (P < 0.01) and 44.8 ± 3.6%
(P < 0.01), respectively (Fig. 5). Thus, pre-treatment with SAA
showed a strong inhibitory effect on radiation-induced ROS
generation in a concentration-dependent manner.
3.3. Biochemical studies
g-radiation induces amarked reduction in theSODactivity and
GSH content of cells. It also causes lipid oxidation inHIEC cells,
as reflected by high levels of MDA (Kalpana et al. 2009). The
activity of enzymatic antioxidants (superoxide dismutase,
SOD), changes in the lipid peroxidative index and the levels of
non-enzymatic antioxidant (reduced glutathione, GSH), are
shown in Table 2. The results indicated that SAA can antago-
nize the reduction in the levels of both enzymatic and non-
enzymatic antioxidants in irradiated HIEC cells. An increase
in the level of TBARS induced by g-radiation (4 Gy) was effec-
tively reduced by pretreatment with 10 mg/ml SAA (P < 0.05).
The data demonstrated that SAA has antioxidant potential.NA in tail, tail moment and olive tail moment) in normal, g-
%) Tail moment Olive tail moment
0.01 ± 0.02 0.12 ± 0.26
120.39 ± 24.48a 64.29 ± 16.93a
,b 18.64 ± 6.26a,b 12.42 ± 3.18a,b
Fig. 3 e (A) Under laser confocal scanning microscope, the g-H2AX foci were shown as green fluorescence, cell nuclei were
stained by PI shown as red fluorescence. (B) Quantitation of g-H2AX immunofluorescent foci formation (IRIF) results in HIEC
cells. *P < 0.05, **P < 0.01 vs. 4 Gy group. Data are presented as mean ± S.D. (n ¼ 6). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Next, to elucidate the mechanism of the anti-apoptotic effect
of SAA in g-radiation induced apoptosis, several end-points of
apoptotic cell death were investigated. To determine whether
protection of irradiated cells by SAA involved inhibition of
apoptotic proteases, wemeasured the activities of caspase-3/9
since it is known that these enzymes are activated as a result
of mitochondrial membrane disruption (Perkins, Fang, Kim, &
Bhalla, 2000). Caspase-3/9 activities were monitored by the
cleavage of Ac-DEVD-pNA/Ac-LEHD-pNA according to the
protocol outlined by the manufacturer in a caspase-3/9
Colorimetric Protease Assay Kit. As shown in Fig. 6, 10 mg/ml
SAA inhibited irradiation-induced caspase-3 activation by 40%
48 h after exposure to 4 Gy irradiation (Fig. 6A). SAA treatmentalso significantly reversed the increase of caspase-9 activity in
irradiated HIEC cells (P < 0.01) (Fig. 6B). This indicated that SAA
can inhibit apoptosis induced by the mitochondrial pathway.
Then, to identify the signaling pathway responsible for the
radioprotective effect of SAA, the expression levels of Bax, Bcl-
2 and p53 were examined (Fig. 7). This showed that the
expression of the pro-apoptotic proteins p53 and Bax mark-
edly increased and this was accompanied by a decrease in the
anti-apoptotic protein Bcl-2, compared to levels in the non-
irradiated group after the cells were exposed to 4 Gy g-radia-
tion (Fig. 7A). The Bax/Bcl-2 ratios in cells were very much
decreased by 10 ± 1.65-fold compared to the 4 Gy irradiation
group, suggesting that SAA treatment shifted the balance
between pro- and anti-apoptotic proteins towards cell sur-
vival (Fig. 7B). SAA treatment also significantly decreased p53
Fig. 4 e g-H2AX expressions of treated and untreated HIEC
cells by western blotting.
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cytochrome c and AIF from mitochondria was examined
(Fig. 8). Pretreatment of cells with SAA for 1 h before g-radia-
tion was found to significantly block the release of cyto-
chrome c and AIF from mitochondria (Fig. 8A), and these
changeswere statistically significantly (P < 0.05). Fig. 8B shows
that the level of cytochrome c in the cytoplasm decreased in a
concentration-dependent manner following treatment with
SAA. Release of AIF from mitochondria into the cytoplasmFig. 5 e ROS levels in cells treated with irradiated and different
fluorescence.was also inhibited in SAAtreated HIEC cells (Fig. 8C). This
result implied that inhibition of the mitochondriamediated
apoptotic pathway was involved in the radioprotective effect
of SAA.
3.5. SAA Reduced g-radiation-induced apoptosis
To further elucidate the anti-apoptotic effect of SAA, we
analyzed treated cells using.
Annexin V-FITC and propidium iodide staining in a flow
cytometry assay. Radiationinduced apoptosis in HIEC cells
was obviously decreased following pretreatment with SAA
(Fig. 9A). SAA demonstrated a protective effect in irradiated
HIEC cells with the percentage of apoptotic cells reduced to
25% (with 10 mg/ml SAA) compared to 56% in untreated cells
(Fig. 9B). These data suggest that the radioprotective effect of
SAA in HIEC cells is due to the attenuation of radiation-
induced apoptosis.4. Discussion
The public considers radiation to be a double-edged sword,
and the use of radiation has always been associated with
some problems. Exposure to g-rays is known to induce various
types of cellular and sub-cellular damage in many living or-
ganisms at sub-lethal doses (Garrison & Uyeki, 1988). Using
cell culture experimental systems, we found that SAA is a
potent inhibitor of radiation-induced apoptosis in humanconcentrations of SAA using dichlorofluorescein (DCF)
Table 2 e Changes in the activities of SOD and the
contents of GSH and MDA in g-irradiated and SAA
pretreated HIEC cells.
Group SOD
(U/mg Pr.)
GSH
(mmol/mg Pr.)
MDA
(nmol/mg Pr.)
Control 2.53 ± 0.87 0.784 ± 0.047 2.59 ± 0.92
4 Gy 1.68 ± 0.93 0.512 ± 0.072 7.44 ± 1.40
0.1 mg/ml
SAAþ4 Gy
1.88 ± 0.39 0.569 ± 0.038 6.06 ± 0.78
1 mg/ml
SAAþ4 Gy
1.59 ± 0.68 0.583 ± 0.055 5.81 ± 0.86
10 mg/ml
SAAþ4 Gy
1.76 ± 0.51 0.622 ± 0.035a 5.13 ± 0.62a
Values are given as mean ± S.D. of six experiments in each group.
a P < 0.05 vs. 4 Gy group.
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radiation damage in the GI tract. Our hypothesis was that a
potential radioprotectant should be able to reduce radiation
induced DNA damage and subsequent cell death. The efficacy
of the radioprotectant is probablymediated by its ability to act
as an antioxidant; therefore, we explored the effects of SAA on
ROS formation and the activity of enzymatic antioxidants
(SOD), the lipid peroxidative index and the level of non-
enzymatic antioxidant (GSH). Finally, we investigated
whether the inhibition of radiation-induced DNA damage due
to SAA might be related to mitochondrial-dependent
apoptosis.
The susceptibility of cells to radiation can be attributed to
damage of cellular DNA, leading to a loss of cell viability, but
this can be greatly influenced by the ability of cells to repair
damaged DNA. Radiation-induced DNA damage may tempo-
rarily shut down DNA replication and thus allow repair to
occur (Hanawalt, Cooper, Ganesan,& Smith, 1979). The factors
that influence the response of living cells to radiation are the
DNA repair status, the physiological state of cells, the pres-
ence of oxygen and chemicals, as well as pre- and post-
irradiation treatments (Pasupathy, Nair, & Kagiya, 2001). The
effect of SAA on DNA repair was ascertained by examining the
parameters in the comet assay, and the formation of micro-
nuclei and g-H2AX in HIEC cells. The results from the comet
assay and micronucleus assay indicated that SAA could
reduce g-radiation-induced damage. Furthermore, both in the
irradiated group and the SAA treatment group, the expressionFig. 6 e (A) Caspase-3 activity (mol/mg Pr. of pNA), (B) Caspase-
cells. Values are given as mean ± S.D. (n ¼ 6). **P < 0.01 their cof g-H2AX appeared immediately following irradiation, which
could be due to the commencement of an excision repair
process (Mendiola-Cruz & Morales-Ramirez, 1999). However,
in the control group the expression of g-H2AX exhibited a
peak at 2 h post-irradiation, and that in the SAA-treated group
occurred after 1 h. Thus, the repair of DNA takes place at a
faster rate in the presence of SAA.
It is well known that most of the damage induced by ra-
diation in living cells is due to the generation of aqueous free
radicals. Any compound capable of reducing the free radical
activity could be useful as a radioprotectant. g-radiation
induced a marked reduction in the activity of SOD and the
GSH content in cells. It also caused lipid oxidation in HIEC
cells, as reflected by high levels of MDA, and this indicated
that the protective antioxidant and redox systems of HIEC
cells were deranged (Kalpana et al. 2009). The body has innate
mechanisms involving many enzymes and non-protein
compounds that protect it from free radicals and reactive
oxygen species produced inside the body during normal
metabolism and also due to external stimuli. In this study, the
reduction of SOD activity was significantly restoredwhen cells
were treated with SAA. Similarly the GSH content was mark-
edly increased (Valavanidis, Vlahogianni, Dassenakis, &
Scoullos, 2006). The same results were obtained by
Devipriya, Kalpana, and Menon (2009) who reported that
lycopene was found to protect cultured human lymphocytes
against the radiation-induced decline in SOD and GSH
(Devipriya et al. 2009). The decreased GSH levels in g-irradi-
ated cells may be due to its utilization by the increased levels
of ROS (Prasad, Menon, Vasudev, & Pugalendi, 2005). When
overproduction of ROS occurs, oxidative damage can lead to
radiation-induced cytotoxicity (that is, chromosomal damage
and genemutations) (Halliwell, 2002). Our results also showed
that SAA is also a powerful ROS scavenger. MDA is known to
be mutagenic in bacterial and mammalian cells and carcino-
genic in rats (Gandhi & Nair, 2005). Some papers also report
that the central effect of radiation on cellular membranes is
the peroxidation of membrane lipids. Lipid peroxidation can
be initiated by radiolytic products, including hydroxyl and
hydroperoxyl radicals (Konings & Osterloo, 1980). The present
study revealed that SAA pre-treatment decreases the amount
of TBARS, and this indicates that SAA can protect membranes
from radiation-induced damage.
Furthermore, we studied the specific mechanisms under-
lying these radioprotective properties of SAA. During the9 activity (mol/mg Pr. of pNA) in lysates from treated HIEC
orresponding vs. 4 Gy group.
Fig. 7 e Bax, Bcl-2, P53, expressions of treated HIEC cells. (A) showed the presence of proteins determined by
immunoblotting. Semi-quantified data for the level of the proteins are shown in the lower panel (B, C). Each value is
expressed as a percentage vs. the level for blank cells. Data represent mean ± S.D. (n ¼ 6). **P < 0.01 compared to their
corresponding 4 Gy groups.
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eventually lead to caspase-3/9 cleavage and subsequent cell
death (Coppola & Ghibelli, 2000). Therefore, we assessed the
changes in caspase-3/9 activity. SAA inhibited the g-radiation-Fig. 8 e Cyto-cyt-c and cyto-AIF expressions of treated HIEC ce
immunoblotting. Semi-quantified data for the level of the prote
expressed as a percentage vs. the level for blank cells. Data repr
their corresponding 4 Gy groups.induced active form of caspase 3/9, and the results suggest
that SAA protects against apoptosis by the processing and
concomitant activation of executor caspases (caspase-3/9)
and by inhibiting the mitochondrial caspase-dependentlls. (A) showed the presence of proteins determined by
ins are shown in the lower panel (B, C). Each value is
esent mean ± S.D. (n ¼ 6). *P < 0.05, **P < 0.01 compared to
Fig. 9 e (A) SAA attenuates radiation-induced apoptosis in HIEC cells using flow cytometric assay. (B) The bar graph of
apoptotic cells expressed as a percentage of total cells for each treatment with SAA from three experiments. Data are
presented as mean ± S.D. (n ¼ 3). **P < 0.01 vs. 4 Gy group.
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cant protection to the cells following g-radiation. SAA exerted
its protective action on the proliferative activity of HIEC cells
as evidenced by decreased cytotoxicity, determined by stain-
ing with Annexin V and propidium iodide after exposure to g-
radiation. Thus it is possible that SAA achieved its radiopro-
tective action, at least in part, via enhanced DNA repair, the
increased activity of antioxidant enzymes, and by scavenging
free radicals.
It has been proposed that the formation of DNA damage,
either by direct or indirect mechanisms, is a common feature
of many stimuli that induce p53 (Nelson & Kastan, 1994).
Under conditions of DNA damage or oxidative stress, tran-
scription factor p53 is activated and stabilized. Subsequently,
p53 up-regulates the expression of genes that facilitate
apoptosis, DNA repair or genomic stability (Jee et al., 2005).Additionally, during the apoptotic process, Bcl-2 prevents the
opening of the mitochondrial membrane pores, whereas Bax
induces their opening (Zamzami et al. 1995). Therefore, the
downregulation of p53 by SAAmay cause the up-regulation of
Bcl-2 and the down-regulation of Bax.
In many cases, oxidative stress induces caspase activation
through cytochrome c and AIF release from the mitochon-
drial inter-membrane space into the cytosol (Green & Reed,
1998; Liu, Kim, & Yang, 1996). To further elucidate the
mechanisms by which SAA inhibits g-radiation-induced
apoptosis, we examined the release of cytochrome c and AIF
from the mitochondria. We found that SAA inhibited the g-
radiation-induced release of cytochrome c and AIF. SAA
blocked g-radiation-induced activation of mitochon-
driadependent apoptotic signaling pathways, which in turn
resulted in protection from g-radiation-induced apoptosis.
J o u r n a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 7 ( 2 0 1 4 ) 2 7 4e2 8 5284Taken together, the cyto-protective effect of SAA against g-
radiation was exerted via its reactive oxygen species scav-
enging activity, changes in the expression of apoptosis-
related proteins, and the inhibition of mitochondria-
dependent apoptosis.5. Conclusion
In conclusion, our present findings indicate that SAA is a
promising radioprotective agent with a strong antioxidant
activity. SAA exerted its protective action on the proliferative
activity of HIEC cells as evidenced by decreased cytotoxicity
after exposure to g-radiation. Thus, it is possible that SAA
achieved its radioprotective action, at least in part, by
enhancing DNA repair, by increasing the activity of antioxi-
dant enzymes, and by scavenging ROS. The mechanisms un-
derlying these radioprotective properties might involve the
down-regulation of pro-apoptotic proteins and up-regulation
of anti-apoptotic proteins. Taken together, our results sug-
gest that SAA may alleviate radiation-induced HIEC cell
apoptosis through the inhibition of the mitochondria-
dependent apoptotic pathway. Therefore, we propose SAA
as a candidate for adjuvant therapy to alleviate radiationin-
duced injury to human recipients of ionizing radiation. It may
be very useful in increasing the tolerance dose of radiation in
cancer patients and in preventing the side effects that occur
during cancer radiotherapy. Thus, SAA may be a promising
radioprotective agent.Conflicts of interest statement
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